Water supplies and water distribution systems have been identified as potential targets for contamination by bacterial biothreat agents. Since the 2001 Bacillus anthracis bioterrorist attacks, additional efforts have been aimed at research to characterize biothreat organisms in regards to their susceptibility to disinfectants and technologies currently in use for potable water. Here, we present a review of research relevant to disinfection of bacteria with the potential to pose a severe threat to public health and safety, and their potential surrogates. The efficacy of chlorine, monochloramine, chlorine dioxide, and ultraviolet light to inactivate each organism in suspension is described. The complexities of disinfection under varying water conditions and when the organisms are associated with biofilms in distribution systems are discussed. d 4 log 10 inactivation not achieved with a dose of 34 mJ/cm 2 . e Reduction equivalent dose bias values for virus inactivation credit.
INTRODUCTION
Drinking water can be contaminated at multiple points along the treatment and distribution chain. These locations include the source (surface water or ground water), the treatment facility, or after treatment such as in a storage tank or within the distribution system (Khan et al. ; Gleick ; Nuzzo ) . Most medium to large drinking water utilities (those serving a population of ! 10,000) use a multiple-barrier approach to treatment, which employs various unit processes for the physical removal and chemical inactivation of pathogens. The treatment regimen can vary significantly between utilities: depending upon the source of the water (ground or surface), the source water quality (the organic load, pH, hardness, etc.), and organizational characteristics of a municipality (such as funding availability). Because water quality can vary seasonally, treatment scenarios can also vary seasonally at the same facility (American Water Works Association Disinfection Systems Committee a, b, a, b; Seidel et al. ) . Each treatment facility employs a strategy suited to its needs. Primary pathogen removal and inactivation occurs within the treatment facility and includes physical removal processes such as flocculation, sedimentation, and filtration that are coupled with disinfection, including the use of ultraviolet (UV) irradiation, and/ or various chemical disinfectants (free chlorine, monochloramine, chlorine dioxide, and ozone). Secondary disinfection provides a residual protection by preventing or controlling regrowth or recontamination during water storage and distribution. Chlorine dioxide, ozone, and UV light are used as primary disinfectants, while free chlorine and monochloramine are commonly used for both primary and secondary disinfection.
The water treatment industry typically uses concentrationtime (Ct) values to calculate microbial inactivation and to evaluate the effectiveness of water treatment. The Ct value (mg · min L À1 ) is the product of the concentration of a disinfectant (C, mg L À1 ) and the time of exposure to the disinfectant (t, min), and is calculated for each organism of concern for a value that will describe the conditions necessary to achieve 2, 3, or 4 log 10 inactivation of that organism (Hoff ; Connell ) . References were selected for inclusion in this review if the test conditions were presented clearly, and if the data were presented in Ct values or graphically in a manner in which the Ct values could be estimated. The data presented typically were collected in laboratory settings with relatively clean potable water or ultra-purified water, and at temperatures and pH levels typical of most water distribution systems in the United States. The application of the results, however, must be qualified by saying that the efficacy of the disinfectants may not be comparable to what is presented if used in water with more organic matter, different pH levels, and widely different temperatures from those employed in the studies presented.
This review summarizes the findings of recent research on disinfection of bacterial threat agents in water with commonly used primary and secondary disinfectants, and discusses the knowledge gaps in this field.
CHLORINE
According to a 2007 American Water Works Association (AWWA) survey of 312 water utilities, chlorine is the most used disinfectant for secondary disinfection of potable water (American Water Works Association Disinfection Systems Committee a). Free chlorine is known to react with organic substances to produce trihalomethanes and other hazardous halogenated disinfection by-products (DBPs).
Water treatment plants must prevent elevated levels of
DBPs to meet US Environmental Protection Agency (EPA) limits (US Environmental Protection Agency a), yet still ensure that water has been adequately disinfected.
Some utilities use alternate disinfectants over the year to address seasonal changes in source water quality or to comply with regulatory limits for DBPs (US Environmental Protection Agency a, b).
Chlorine dissociates in water to form hypochlorous acid and hypochlorite ion in a pH-dependent reaction with hypochlorous acid predominating at or below pH 7.5. The inactivation efficacy of free available chlorine (FAC) on any microorganism is dependent upon both the pH and temperature of the water (Hoff ; Connell ). Hypochlorous acid is the most effective disinfectant of the chemical species in the water-chlorine mixture. In the 2007 AWWA survey (American Water Works Association a), the mean reported distribution system water pH was 7.4, although the values ranged from 4.9 to 9.0. Considering this range of pH levels possible at any given time,
the Ct values reported in Tables 1 and 2 anthracis Sterne at 23 W C increased from 68 to 191 when pH was elevated from 7 to 8 (Table 1) .
Water temperature also affects the efficacy of chlorine disinfection by influencing kinetics of the chemical reac- Figure 7 . Test water contained slight amounts of dissolved organic matter (<0.3 mg L À1 ) and inorganic matter (turbidity <NTU). Brucella suis MO562 
Yersinia pestis Harbin
Enterobacter cloacae the virulent Ames strain (more resistant -Ct (3 log 10 reduction) of 102 at pH 7, 25 W C), and the avirulent Sterne strain (less resistant -Ct of 86 at pH 7, 25 W C) (Table 1) The Gram-negative vegetative biothreat agents (Table 2) are substantially more susceptible to chlorine than the Bacillus spores ( previously) and found that all strains were inactivated within 10 minutes with a FAC concentration of 1 mg L À1 (Table 2 ).
These findings suggest that a wide range of susceptibility exists within the species.
Francisella tularensis is another Gram-negative organism that demonstrates a greater tolerance to FAC as compared to vegetative cells of other biothreat organisms.
F. tularensis possesses a surface capsule that has not been well characterized, but is known to protect the bacteria from serum complement ( In natural waters and in potable water distribution systems, free-living amoeba are common, and the coexistence of F.
tularensis with amoeba may contribute to its persistence in the environment and potentially to its resistance to disinfectants in water, as discussed later. All of the organisms tested were more tolerant of monochloramine than of free chlorine as evidenced by the larger Ct values (Tables 1 and 2) . B. anthracis spores were, as expected, significantly more resistant than the non-spore forming organisms. Differences were seen between strains of B. anthracis spores, with the Ct values for the Sterne strain 1.5 to three times greater than those of the Ames strain, depending upon temperature (Table 1) . To achieve a 2 log 10 inactivation of planktonic B. anthracis Ames spores at 25 W C with 2 mg L À1 monochloramine, 6.5 hours of contact time is necessary (785 mg · min L À1 ÷ 2 mg L À1 ÷ 60 min hr À1 ), and 10 hours contact time for a 3 log 10 reduction. Table 2) . These Ct values can be interpreted by considering that if the target concentration of 2 mg L À1 monochloramine (American Water Works Association Disinfection Systems Committee a) is maintained in a distribution system, a 2 log 10 inactivation of these Gram-negative bacteria will be achieved within 52 min (104 mg · min L À1 ÷ 2 mg L À1 ). As with chlorine, lower water temperature (5 W C) reduced the disinfection efficacy of monochloramine as evidenced by three to five times greater Ct values than at 25 W C (Table 2 ). B. melitensis was the most resistant of these vegetative Gram-negative organisms and when challenged with 2 mg L À1 monochloramine in water held at 5 W C, 250 min (4.2 hours) was required to achieve a 2 log 10 reduction in viable organisms (Ct ¼ 501.8, Table 2 ).
CHLORINE DIOXIDE
Chlorine dioxide (ClO 2 ) is generated by reacting chlorine gas with sodium chlorite in solution or solid form. About 8% of US water utilities were using chlorine dioxide in 
Regardless of these differences, Ct values for all of the
Gram-negative organisms were 2, therefore at a concentration of 1 mg L À1 ClO 2 , all would be inactivated within 2 min under any of the water conditions tested.
UV IRRADIATION
In US drinking water treatment facilities, UV light is used for primary treatment, but only 2% ( to treat water at distal ends of the distribution system, which will deliver 40 mJ cm À2 (class A device) or 16 mJ cm À2 (class B device). The doses required for the given log 10 inactivation of the bacterial biothreat agents are reported in Table 3 . The data presented are from laboratory experiments conducted with a low-pressure lamp with a wavelength of 254 nm.
The radiant energy doses required for 4 log 10 inactivation of the non-spore forming organisms tested ranged Table 3 , little variation in UV susceptibility was seen between isolates of the same species ( 3 mJ cm À2 in fluence for a 4 log 10 inactivation).
B. anthracis spores were significantly more resistant to UV than the Gram-negative vegetative organisms with a 2 log 10 inactivation requiring >36 mJ cm À2 , depending upon strain and experimental parameters ( 
USE OF SURROGATES
Most laboratories do not have the security, containment, and protection needed to work with fully virulent biothreat agents, and surrogate organisms are commonly used for fate, transport, and disinfection studies. The use of appropriate surrogates is essential so that the resulting data can be applied during a response to an actual biothreat event. In disinfection testing, use of a more resistant organism as a surrogate is often desired, since this would provide even more assurance that the treatment is effective and allow for some deviation in water quality or strain-to-strain susceptibility differences. The Gram-negative biothreat organisms tested are similar in disinfectant and UV susceptibility to other Gram-negative organisms and coliforms of concern to the water industry such as E. coli (Tables 1 and 3 ). In addition, low virulence strains that can be manipulated safely in biosafety level 2 laboratories are available for use as surrogate organisms (i.e., Yersinia pestis A1122). For these reasons, more attention has been given to finding appropriate disinfection surrogates for B. anthracis spores. Disinfection Systems Committee a), and is effective in inactivating many waterborne bacteria and viruses (White ) . No ozone efficacy data were found, however, for the bacterial biothreat agents of concern. Larson & Marinǎs These values may be representative of many vegetative bacteria, although more work is needed to confirm the efficacy of ozone on the biothreat bacteria.
BIOFILMS AND AMOEBA
The data presented in Tables 1, 2, and 3 are into a model distribution system, followed by flushing, was found to enhance the efficacy of chlorine (5 mg L À1 ) and encourage detachment of BG spores from established biofilms on concrete and iron surfaces, resulting in no detectable spores (>4 log 10 CFU cm À2 reduction) (Szabo 
CONCLUSION
The vulnerability of drinking water supplies to acts of bioterrorism continues to be a matter of concern for public health authorities and water utilities. While the potential use of these agents for intentional contamination has been recognized since the cold war era (Berger & Stevenson ) , it has only been within the last decade that there has been a concerted effort to evaluate water treatment practices for countering such threats. The current review provides a summary of recent studies designed to determine the efficacy of common water treatment practices for inactivation of bacterial biothreat agents. The vegetative biothreat bacteria were found to be susceptible to all disinfectants as currently used in modern water treatment systems, although some strains of F. tularensis and B. pseudomallei were reported to be slightly more tolerant of free chlorine than other vegetative cells. The Bacillus anthracis spores were significantly more resistant to all disinfectants than the vegetative cells, and a range of susceptibility was seen between strains.
While these studies were conducted under ideal or oxidant demand-free conditions, they provide important information on the innate resistance of these organisms. Future studies in this area should be aimed at evaluating the effect that varying water quality conditions might have on these processes.
